Abstract-We demonstrate the utility of focused, pulsed X-rays for investigating localized total ionizing dose effects in bipolar analog integrated circuits. Using the LM139 comparator as a test vehicle, we show how the technique can be used to identify the sources of degradation as a result of irradiating different transistors of the device and how this impacts the input bias current, input offset voltage, and output voltage. The 2-D mapping of the sensitive regions of transistors is presented, where the results of localized irradiation impact the monitored operational parameters.
I. INTRODUCTION
T HERE have been numerous studies addressing the effects of total ionizing dose (TID) on the degradation of bipolar linear integrated circuits and techniques for improving their TID tolerance [1] - [6] . These experiments are generally conducted using broad beam, full-die irradiations with 10-keV X-rays, or gamma rays from a Cobalt-60 source. The results from full-die irradiations of more complex integrated circuits can be difficult to interpret at the transistor level as there are often competing mechanisms at the circuit level that compensate for effects from the individual transistor [4] , [7] . While localized TID effects have previously been investigated in bipolar devices and integrated circuits using electron beams from scanning electron microscopes [7] - [11] and in digital integrated circuits with a loosely focused X-ray beam from a synchrotron source [12] , 2-D mapping of focused X-rayinduced TID effects at the transistor level for this purpose has not yet been exploited. The purpose of this paper is to demonstrate the utility of a focused, pulsed X-ray beam for identifying regions of bipolar junction transistors (BJTs) that are responsible for TID-induced transistor-level degradation, and to identify the contributions of individual transistors to the overall change in circuit performance. These results expand on previous works by including 2-D maps that show how radiation affects the individual transistors and the device operational parameters. While the LM139 comparator is used for this demonstration, the method is applicable to other integrated circuits. Regions where the transistor-level changes have a measurable effect on the power supply and input bias currents are identified by comparing power supply and input bias current shifts (I B ), and input offset voltage shifts (V OS ) after irradiating individual elements within the comparator. It is also shown that degradation of the current sources and the bias line for these current sources can be observed through monitoring the radiation-induced reduction in power supply current. Use of the LM139 for this paper somewhat simplifies interpretation of these results as it is a relatively simple circuit with a well understood layout, and feature sizes that are commensurate with the focused spot size used for these experiments. The purpose of this paper is not to provide a detailed analysis of TID effects in the LM139, but to use the device as a test vehicle for demonstration of focused, pulsed X-ray TID effects in bipolar integrated circuits with potential for application in the future to other device types. Validating the pulsed X-ray TID technique through comparison with other radiation sources is beyond the scope of this paper and will be the subject of future studies.
II. EXPERIMENTAL DETAILS

A. Pulsed X-ray Apparatus
The 10-keV X-ray pulses from beamline 20-ID-B at the advanced photon source (APS) at the Argonne National Laboratory were used for all exposures. X-rays from ARACOR irradiators, which have the same photon energy used for this paper, have a long history of use for TID testing of 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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microelectronic devices [13] - [15] . The 10-keV X-rays from an ARACOR generate about 80% of their TID from the characteristic Tungsten line [13] while the X-rays from APS are more monochromatic (linewidth of a few eV). Hence, the radiation from a synchrotron should also be applicable to this paper. A high-speed mechanical shutter was used to select the desired number of pulses from the chopped singlet described in our previous work to deliver the desired total dose at each irradiation location [16] . The high-speed mechanical chopper described in that work picks pulses from the APS hybrid fill format at a pulse repetition rate of 424.3 Hz. The high-speed shutter has a Pt/Ir blade that blocks the 10-keV X-ray beam when the shutter is closed. The open time of the shutter is programmable to pick either a single pulse from the 424.3-Hz pulse train or any predetermined number of pulses. This allows for deposition of a precise dose by delivering the same number of pulses at each irradiation point. The X-ray pulse duration for these experiments was approximately 130 ps, and the focused spot size was 2 μm at the full-width half-maximum of intensity.
The use of this type of pulse format for TID testing is a new concept that requires a brief explanation. The dose rate from the synchrotron generated X-rays is higher than that from other sources used for TID testing. The dose rate per pulse is approximately 2.6 krad(SiO 2 ) at the surface of the DUT, and the dose rate at the 424.3-Hz pulse repetition rate is nominally 1.1 Mrad(SiO 2 )/s. This is several orders of magnitude beyond the dose rates typically used for whole device irradiations. Additional follow-on work will be necessary to validate the technique and to correlate/corroborate such high dose-rate results with 60 Co and ARACOR measurements on discrete BJTs. The purpose of this paper is not to provide quantitative TID results, but to demonstrate the utility of the technique. Reference is made only to the calculated, deposited dose of 174 krad (SiO 2 ) that was used for all exposures in this paper. This specific dose was chosen through experiments since it produced a significant but reasonable amount of degradation in the circuit-level parameters. Charge yield and dose-rate effects are also not considered for this basic demonstration, as they primarily affect the dose at which a specific amount of degradation occurs, not the nature of the degradation.
Each transistor of the device under test (DUT) was scanned in two dimensions with a step size of 2 μm, and the input bias current, supply current, and output voltage (where it is known to be impacted by TID effects) were recorded after exposing each point to a predetermined number of pulses, allowing us to create 2-D maps of how the circuit-level values change as different locations on the DUT are irradiated. This technique differs from whole die/part irradiations where the degradation is more uniform and not on a localized basis. Future work on discrete BJTs will be used to investigate differences between the techniques. In addition, the input offset voltage shift (V OS ) was characterized at the completion of the measurement for each individual irradiated comparator element in order to further understand the impact of irradiation of each transistor on the operation of the comparator. The use of a 2-μm step size provided a near uniform delivery of dose over the entire area scanned during each irradiation. Scanning a large transistor using this irradiate-measure-step and repeat technique can take on the order of an hour. Significant annealing effects were not observed during the course of these measurements, but we were cognizant of the potential for their occurrence.
B. Device Under Test
The DUTs were LM139 quad comparators from National Semiconductor (see Fig. 1 ) with lot date codes of XH230, indicating they were fabricated on the Arlington, TX fab line during the 30th week of 2002 using the standard p-glass/nitride passivation layers (∼2-μm total thickness) and the metal mask that does not correct for the passage of the power supply voltage over the edge of the base region of the n-p-n transistor Q5 in quadrant one [6] . For all irradiations and measurements the power supply voltage was +5 V and the input differential voltage was either ±2.5 V. (The unbiased input was grounded.) These bias conditions differ from those used for localized ebeam irradiations [8] , but are representative of typical operating conditions. The open collector of output Q8 was tied to an isolated 5-V power supply through a 500-resistor to remove any effects of changes in Q8 from the comparator supply current measurements. A two-channel Agilent B2912A precision source meter was used to supply power to the DUT and to either the inverting or noninverting input for recording both the DUT power supply and input bias currents during the course of each measurement. Fig. 1 is a schematic of one quadrant of the comparator, including a simplified depiction of the current sources. The bias line for the current sources has not been included in Fig. 1 , but the basic circuit layout can be shown in Fig. 6(b) . Apart from the bias line for the current sources, only one transistor per DUT was exposed for each irradiation and bias condition for the measurements reported in this paper. Each quadrant of the LM139 has a dedicated, three collector transistor that supplies current for the input stage (I 1, I 3, and I 4) and a separate transistor that is used to provide the base current for Q8 (I 2). Fig. 2(a) shows the absolute magnitude of the input bias current from a 2-D map of transistor Q3 after irradiation at each point. Each "pixel" in Fig. 2 represents the input bias current that was measured (at the V in− input) immediately after irradiation at that location during the course of the 2-D scan. The scan area for this map was 100 × 80 μm in the horizontal and vertical directions, respectively. For this plot the bias conditions were: V in+ = 0 V, V in− = +2.5 V, and V cc = +5 V. The scan began in the upper left corner and proceeded horizontally to the right edge of the scan area and then stepped down to the next row, where the horizontal scan was repeated (from left to right for each row). The same technique was used for all subsequently presented figures. The input bias current increases monotonically as the scan progresses. The bulk of the degradation occurs in an area over the active region of the transistor. Fig. 2(b) shows the change in input bias current with respect to the measured value from the previous point (a derivative map). The map is generated by taking the difference between the value from the current physical location and value of the result from the previously irradiated location. Using this technique, only when changes are observed in the current is the result nonzero, or very small. This type of plot allows for identification of the physical locations on the device where the changes occur and visualization of the magnitude of change at each location in the scan. Fig. 2(c) shows the area of Q3 that was scanned for this measurement. For Q3 there is no well-defined area that can be related to the transistor's base-emitter region, where we would expect changes to occur, and the current change appears to occur over much of the active area of this lateral p-n-p transistor. This response was unique compared to the other results in that changes occurred across a broad area rather than in localized regions. The input bias current change was from an initial value of −13.7 to −19 nA, which corresponds to a 41% increase as a result of irradiation. It is possible that the small change of input bias current over a large area of the device precludes identification of the areas of change as the measurement noise floor is on the order of the change being measured. It is well known that these transistors are highly sensitive to TID [1] and that removal of the passivation layers all but eliminates the input bias shift associated with TID in the LM139 as a consequence of reducing the amount of hydrogen available to promote degradation (interface-trap formation) [6] . Consequently, the passivation layers on these devices likely play a role in their TID susceptibility versus the work in [5] , where it was removed or modified to minimize TID sensitivity. Table I lists the fractional input bias current changes and input offset voltage shifts for both Q2 and Q3 irradiations under both input bias conditions. In Table I and all subsequent tables, the "Transistor" in column one identifies the transistor that was irradiated. We have included the change in input bias current for all measurements regardless of bias condition. The changes in bias current (I B change) reported in Table I that follow are the percent difference between the ending and initial values, following irradiation of the entire transistor. It should be pointed out that when the input transistor being irradiated is not reverse biased, the input bias change is measured for the forward biased, but not irradiated, transistor. All results are presented, regardless of the irradiation condition for completeness. The input bias currents, thus, should only show a change when the active, measured transistor is reverse biased. The presence of forward or reverse bias on the bases of Q2 and Q3 as shown in Table I has only a minimal impact on the resultant V OS shifts. Q3 is somewhat more sensitive to bias condition, but the degradation in V OS is substantial for both cases. Irradiation of Q2 always results in a negative shift in V OS regardless of bias and for Q3 the resultant shift is always positive.
III. RESULTS
A. Input Transistors Q2 and Q3
B. Input Transistors Q1 and Q4
The same experiments were also performed on the substrate p-n-p input transistors Q1 and Q4 under the same set of bias conditions. These two transistors act to provide a high impedance to the two inputs, but they also play a significant role in the irradiation-induced input bias current increase [3] . Fig. 3(a) presents the results in derivative form from a 2-D scan of Q4 with V in+ = GND and V in− = 2.5 V, and Fig. 3(b) shows a photograph of the area of Q4 that was scanned. The current measurement was made at the inverting input (V in− ). Table II presents the measured values for input bias current change and V OS for transistors Q1 and Q4 for only the sensitive case where these transistors exhibit a measurable change in the input bias current (during reverse bias). In the case of Q1, the input bias current changed from −12.8 nA to approximately −65 nA, while the increase for Q4 was less (−12.3 to −42 nA). The magnitude of change in input bias current for Q1 and Q4 versus Q2 and Q3 are approximately factors of 4× and 8.5×, respectively. The TID-induced degradation of input transistors Q1 and Q4 is greater than that for Q2 and Q3, consistent with previous observations [2] , [5] .
The sensitive area where the oxide covers the base-emitter junction region is well defined in the derivative map shown in Fig. 3(a) . While input transistors Q1 and Q4 show a significant change in input bias current, their effect on V OS is much less than for transistors Q2 and Q3. Degradation of transistors Q1 and Q4 results in an obvious increase of the input bias current. However, this change in current has less of an impact on the balance between the differential pair Q2 and Q3. In addition to the changes observed when the region near the base-emitter junction is irradiated, there is also an increase in the noise associated with each measurement, as shown in Fig. 3(a) . This is most likely due to the increase in noise associated with the increase in input bias current observed during irradiation.
C. Current Mirror Transistors Q5 and Q6
As previously pointed out, any imbalance between Q2 and Q3 introduced by a change in Q5 will also result in an offset voltage shift observed at the comparator input [5] . A summary of the results from localized irradiation of transistors Q5 and Q6 is given in Table III . The change in input bias current for both transistors is negligible for both input bias configurations, while there is a measurable change in V OS , but only when the inverting input is reverse biased. These results indicate that degradation of Q5, resulting in a substantial shift in V OS , primarily occurs when Q5 is forward biased (see Fig. 1 ). Fig. 4 shows the results from the pre-and postirradiation V OS measurements for Q5. The shift is negative for both cases, but is substantially larger when Q5 is ON (forward biased).
Irradiation of Q6, the nonreference side of the current mirror, produces only a minor change in V OS (typical for this paper was only a few millivolt). Degradation of Q6 produces less effect because its base is tied to Q5, which is the reference side of the current mirror.
D. Current Sources I1-I4
The impact of localized irradiation on the current sources has been shown to cause a reduction in input bias current during localized electron beam irradiations [8] . These are lateral p-n-p transistors that have been shown to be very sensitive to TID. The location and aspect ratio of the collector contacts are used to control the current supplied to the common emitters of Q2 and Q3 and the emitters of Q1 and Q4, so the degradation should be similar at different collectors and the ratio of currents for the input stage should change uniformly. Fig. 5(a) and (b) shows the derivative maps from 2-D scans of current sources I 1, I 3, and I 4, which share a common base-emitter contact and three separate collectors for sourcing the emitters of input stage transistors Q1-Q4. Fig. 5(a) is the derivative map of the power supply current change and Fig. 5(b) is the derivative map of the input bias current change measured at the noninverting input (V in+ ). Fig. 5 also identify the area above the base-emitter region of the current sources as the location most sensitive to TID effects. The significance of these results is that while the input bias and supply currents degrade as a result of TID, the impact on V OS is small, as shown in Table IV . A rather straightforward explanation for this is that any change in the current sources for the differential input stage will not have a significant impact on V OS as both Q2 and Q3 see the same change in emitter current as they share a common connection to I 1 shown in Fig. 1 . Since these irradiations and the data were acquired simultaneously for this current source, we do not have an explanation for the physical shift of power supply and input bias current changes shown in the 2-D derivative maps of Fig. 5(a) and (b) for the current sources. However, the change in input bias current is rather small with respect to the noise associated with the measurement in Fig. 5(b) . This difference needs further investigation.
Irradiation of current source I 2 (results are not shown here), which supplies the base current for Q8, also results in a change of a few percent in both the input bias current and supply current, but the impact on V OS was also negligible as this current source is sufficiently removed from the input stage.
E. Bias Line for Current Sources
In addition to the multicollector current sources for each individual comparator, there is a common bias line for these current sources that also uniformly affects all of the current sources during irradiation. It has been shown through electron beam irradiation of the bias line that TID results in a decrease of the input bias current similar in nature to that observed for the current sources under localized electron beam irradiation [8] .
The bias line was mapped out with V in+ = GND, V in− = 2.5 V, and V cc = 5 V. Fig. 6(a) is a derivative map that depicts the areas of the bias line responsible for the decrease in power supply current. The base-emitter areas of the two BJTs are clearly identified in Fig. 6(a) (top) , and an additional area that appears to be a vertical n-p-n transistor connected through a series resistor to ground exhibits a bidirectional change in current that is dependent on the side of the emitter area being irradiated. In general, there is a reduction in the power supply current for most of the scan apart from one area of the vertical n-p-n transistor at Fig. 6(b) (bottom), where the current both increases and decreases. However, the magnitude of decrease in current in this area dominates the change in power supply current. This behavior cannot be easily explained through simple circuit analysis as the actual physical layout of the bias line appears different from that shown schematically in [17] . The input bias current change was from −13.1 to −11.5 nA for this area (12%) and the supply current showed a similar reduction of 11%, indicating the direct relationship between bias line current measured at the power supply and the input bias current.
F. Output Transistor Q8
Radiation-induced degradation of transistor Q8 results in an increase in the base current which is limited to 100 μA by current source I 4. When Q8 is forward biased, the output voltage at its collector is near zero and depends on the collector current and value of the pull-up resistor tied to its collector. As the current gain of Q8 decreases and the collector current though the output pull-up transistor also decreases, the lowlevel voltage of Q8 will increase with TID. This has previously been observed by Bernard et al. [2] and Dusseau et al. [3] The irradiation-induced reduction in collector current from this configuration will result in an increase in the low-level output voltage at the collector of Q8. Fig. 7(a) is a 2-D derivative map depicting the spatial profile of the TID response of Q8 corresponding to a positive change in the output voltage of approximately 20%. Fig. 7(b) is an image of the area of Q8 scanned for this measurement. It can be observed from Fig. 7(a) that degradation above the base-emitter region of the transistor is responsible for this change. However, this minor change alone does not account for the large irradiation-induced low-level output shifts observed by others [2] , [3] . This arises as a result of irradiation-induced changes not only in Q8, but also Q7 and the current source for Q8 which all act together in the same way to limit the base current available for Q8.
IV. DISCUSSION
TID degradation of the transistors in the input stage of the LM139 (primarily through generation of recombination centers at the surface of the base region as demonstrated through 2-D mapping with pulsed X-rays) results in an increase of the input bias current that is dependent on input bias conditions, while the input offset voltages are observed to be largely independent of bias conditions for the input stage. Degradation of the bias line for the current sources, and the individual current sources themselves, results in a reduction in the input bias current.
Irradiation of each input stage transistor results in a unique increase of the input bias current. The passive loading transistors Q1 and Q4 are much more sensitive to this effect in terms of the input bias current, but their impact on V OS is less than for Q2 and Q3 in the differential pair. This is not the case for the irradiation of the differential pair Q2 and Q3, where TID-induced degradation results in an imbalance between these transistors when they are individually irradiated. Since the input stage is not balanced, one side is somewhat more sensitive than the other to this effect. The results from this paper indicate that Q3 is slightly more sensitive than Q2 for this particular lot date code of devices. These results are from a single lot-date-code and might not be applicable to all devices.
The lateral p-n-p input transistors Q2 and Q3 do not exhibit the same spatial dependence observed for the other transistors presented in this paper. One explanation for this observation is that the electric fields are different in these transistors as the current flow is in the lateral direction and thus the results are reasonable. A second possible explanation is that the noise in the measurements on the order of the measured current changes observed using the derivative mapping technique, and that the measurement sensitivity is insufficient to generate maps for these transistors similar to the others.
Although we did not perform TID measurements on multiple transistors within a single comparator, the potential role of compensation effects at the circuit level can be seen by the opposing changes from the multicollector current sources (I 1-I 3) , the bias line for these current sources, and the input stage after irradiation. Input bias current shifts are negative when the bias line and current sources are irradiated and positive whenever the transistors in the input stage are irradiated. These are the primary comparator elements responsible for changes in the input bias current and their degradation depends on TID sensitivity of different transistor layouts and input bias conditions. Transistor Q5, which is the reference side of the current mirror, is the only other transistor in the comparator that has a significant impact on V OS and a strong input bias dependence with regard to this effect. Irradiation of Q5 results in an imbalance in the reference side of the current mirror and produces a substantial change in V OS [5] . The 2-D maps of Q5 during these measurements showed no change in the input bias current under the bias conditions used for these experiments. In addition, the threshold voltage shift for Q5 was only significant when the inverting input was biased at 2.5 V. Our observations were that V OS for quadrant one, where the power supply metal passes over the base of Q5, was larger than for quadrant 2 (−11 mV versus −17.5 mV, respectively). Our results cannot be easily compared with those from [5] , because the bias conditions used for those irradiations were not specified in that work.
V. CONCLUSION
We have demonstrated that a focused, pulsed X-ray beam can be used with a high degree of confidence to spatially map out the TID sensitivity of individual transistors in an analog integrated circuit. The results presented in this paper complement those in the existing literature, confirm previous published results, and expand on previous works by demonstrating how TID affects both input bias currents and input offset voltages, as well as the output voltage of the LM139 comparator. The effect of irradiation on the current sources and bias line for these current sources was also described with respect to changes in the input bias current, and shown to have little effect on the input offset voltage. Even though there is a common current source for the input stage that does not provide any substantial imbalance of the differential pair (Q2 and Q3) in the input stage, the circuit is imbalanced because there is no transistor connected to the collector of Q5. The 2-D maps of the changes in input bias current and power supply currents are useful for explaining the TID-induced degradation observed in bipolar linear integrated circuits. This paper also demonstrates the potential for future experiments exploring the effects of localized TID on analog SETs and SEUs in digital integrated circuits.
Experiments are underway on both discrete bipolar and CMOS devices to establish a correlation between the high dose-rate irradiations used for this paper and those available from ARACOR X-ray and Cobalt-60 irradiation sources. We are also in the process of exploring future upgrades to beamline 20-ID-B at the APS which will provide nanometer scale spot sizes for these types of experiments on state of the art devices with submicrometer feature sizes [18] .
Finally, this technique should also be applicable to investigating the synergistic effects that TID has on the SEE sensitivity of analog and digital integrated circuits [19] - [23] . For this paper, that was not easily achievable as the large differential input bias of 2.5 V prevented the collection of transients at most SET sensitive locations during the TID exposures. Since the SET sensitivity of the LM139 depends strongly on input bias conditions it would be necessary to choose the appropriate X-ray flux and input bias voltage in order to generate detectable transients at the output that were not fully saturated. It is easily conceivable from this paper that the effect of TID on the SET sensitivity of each individual transistor in a bipolar linear integrated could be investigated in situ during the irradiation or at specific locations with a pulsed laser after the irradiation was completed.
